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Autoradiographic studies with tritiated amino
acids have demonstrated that proteins of differ-
ent composition might be synthesized in cells of
the basal, spinous, and granular layers of the
epidermis in man and newborn rats (1—3). The
gradual morphological changes taking place
during the process of epidermal keratinization
were considered to result fundamentally from
de novo synthesis of RNA and proteins in each
of these three layers. Since Rudall (4) first
demonstrated that different proteins were pres-
ent at different levels in longitudinal sections of
cow snout epidermis, numerous biochemical
studies have detailed the isolation and charac-
terization of soluble and insoluble cpidermal
proteins (4—12). Hoober and Bernstein (13)
isolated HC1O4 soluble polypcptidc (s) rich in
histidine and glycinc from newborn rats and
suggested this substance was synthesized in the
granular layer on the basis of prior autoradio-
graphic observation (2). But the precise locali-
zation of these polypcptide (s) and other pro-
teins isolated from cpidcrmal cells remains
unknown.
No reliable methods arc available for the
separation of epidermal cell layers or organcllcs
for biochemical studies. An isolation technic for
keratohyalin granules was proposed by Ma-
toltsy (14), but the amount isolated was in-
sufficient for chemical analysis. Furthermore, in
man it was found that about 10 per cent of
granular cells located in the outermost layer
were not synthesizing protein (3), indicating
that protein synthesis evolves independently
in cells. For these reasons conventional biochemi-
cal methods might prove inappropriate to yield
precise information about the synthesis and
metabolism of proteins in epidermal cells.
Therefore, we have rcinvestigatcd protein syn-
thesis in the epidermis with concomitant cyto-
logical observation.
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Newborn rats of the Sprague-Dawley strain,
4—5 days old, and weighing about 7—8 grams were
divided into groups of 10—15 each. They were in-
jected intraperitoneally with 15 uC (in 0.05 ml of
distilled water) of L-arginine-111 monohydro-
chloride (Spec. Act. 238 mC/mM), L-histidine-111
monohydrochloride (Spec. Act. 3.42 C/mM),
glycine-2-111 (Spec. Act. 200 mC/mM), L-leucine-
4.5IH° (Spec. Act. 5.0 C/mM), L-lysine-111 (Spec.
Act. 1 C/mM), L-methionine-methyl-111 (Spec.
Act. 35.8 mC/mM), L-phenylalanine-111 (Spec.
Act. 4.32 C/mM), L-proline-3,4-H1 (Spec. Act.
5.0 C/mM), DL-serine-3-H° (Spec. Act. 137 mC/
mM), L-tyrosine-3,5-111 (Spec. Act. 3.41 C/mM),
or DL-valine-3,4-ll° (Spec. Act. 137 mC/mM).
The animals were sacrificed at hourly intervals
for 6 hours, and at 12 and 24 hours after injection
of the tracers. Skin samples were taken from the
dorsal side of the animals and fixed in formol acetic
acid alcohol. After dehydration, the samples were
embedded in paraffin and cut at 4 microns. Auto-
radiograms were made with Kodak Nuclear Track
Emulsion, type NTB-2 and developed with Amidol
developer followed by Edwal Quick Fixer after 10
nnd 21 days exposure. Sections were stained with
hematoxylin and eosin. Since glycine is a precursor
of DNA and RNA as well as protein, several
serial sections obtained from the animals injected
with glycine-111 were treated with DNAase and
RNAase prior to preparation of autoradiographs.
The number of silver grains appearing in the
basal, spinous, and granular layers were counted
using a Whipple Eyepiece micrometer disc under
1280—1600 X magnification at 1 hour after injec-
tion of these amino acids. Since the number of
grains actually appearing in the sections varied
considerably from one amino acid to another, a
ratio of the counts in 200 squares (approximately
20 X 2,000 microns) in each layer was computed,
assigning the count in the basal cells as unity.
The time for radioactivity to appear in the
cornified layer was determined, and the morpho-
logy of these initially labeled cornified cells was
studied in relation to movement of granular cells.
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The present report concerns patterns of
protein synthesis relative to kcratinization in
the epidermis of newborn rats as determined
by autoradiographic technic after injection of
isotopically labeled amino acids. Biopsies were
taken sequentially to follow the movement of
labeled cells into the cornified layer.
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RESULTS
Radioactivity was distributed over all three
layers of the epidermis at 1 hour after injection
of the 11 different amino acids-H' used in this
study. The cornified layer remained unlabeled
at this time. There were, however, significant
differences in the number of grains appearing
over a given area of each layer (see Figs. 1 and
2). The numbers in the figures indicate the
ratio of grain counts in the spinous and granu-
Ratio of Grain Counts
(average)
lar layers as compared with that in the basal
layer which is taken as one. The ratio of label-
ing in the spinous layer was slightly higher
than in the basal layer after injection of argi-
nine-H', histidine-H', methionine_Ha, and ser-
inc_Ha, and lower after injection of the other
amino acids-H3; in general the overall amount
of protein synthesis seemed to be essentially the
same in these two layers. Label in the granular
layer on the other hand was much lower than
in the basal and spinous layers after injection
of lcucinc-H', lysinc_Ha, mcthioninc-H', phcnyl-
alanine-H', and valineHa (Fig. 3a and 3b). In-
jections of arginine-H', histidine-H', glycine-
H3, and serinc-H' resulted in a greater incorpor-
ation in the granular layer as compared with
the lower two layers (Fig. 4a and 4b). Labels
appeared concentrated over keratohyalin gran-
ules, especially those smaller granules seen in
the middle of the granular layer (newborn rat
epidermis consists of 3—4 layers of granular
cells; the size of granules is very small in the
lower area and much larger in the upper area).
The amount of incorporation of proline-H' and
tyrosine-H' appeared almost the same in all
three layers (Fig. 5a and Sb). Some grains were
seen over keratohyalin granules after injection
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Fir.. 3. and B. One hour fcr injection of lysine-U (a) and phenylalanine (b). Labels
appur I:imaril in thu baa and p1nuus layers.
S , ,S. Pt a
•1, ••. *$ a.
• 5,
isa
Is S 4.
•
-• I
S •
*-.
•'' ,'
.—• V.A.
'S.•• b ''-
•
•
• S
S *
•—• .,
• I
p —
•
.:r q
• t
a
S
S
I
It
** 1*iy•i.
p
a
p
I'-
--
—i
S -
I.
SW-jv r,
IS I
a
45
•
-S.; *•a*:*s S
Sa •l
rS • a, S 4)79. 'S ta.
554 THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Fie. 4A and B. One hour after injection of histidine-W (a) and arginine-H3 (b). There
is a concentration of labels in the granular layer. Most of the grains localize over kerato-
hyalin granules.
FIG. 5A and B. One hour after administration of tyrosine-H3 (a) and pro]ine-H3 (b).
Labels distribute evenly in all three layers. Some grains associate with keratohyalrn gran-
ules after injection of tyrosine-H3, but grains mostly appear between the granules after in-
jection of proline-H3.
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Fin. 6A and B. (a) Labeled cells 5 hours after injection of histidine-H3 located randomly
in the lowermost area of the cornified layer (arrows). (b) By 24 hours more diffuse labeling
is observed in the cornified layer.
*
-ti itI,' - 4$
FIG. 7A, B, and C. Radioactively labeled cornified cells appearing 5 hours after injection
of histidine-113; (a) shows the contour of a cell containing nuclear debris; (b) mesh-like in-
tracellular structure staining basophilic; (c) the eosinophilic and reticular intrastructure is
more obvious.
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of tyrosine-H3 but this was inconsistent. Pro-
line-H3 seemed unassoeiated with the granules
and rather appeared between them. Grain
counts were not made in the specimens after
injection of glyeine-H3, but a high concentra-
tion of grains over the granules was observed.
Concerning the movement of labeled cells
radioactivity was detected in the cornified
layer as early as 5 hours after injection of
arginine-H3, histidine-H3, serine-H3, glycine-H3,
and tyrosine-H3. Labeling appeared as small
clusters of grains located randomly in the lower-
most area of the cornificd layer (Fig. Ga). They
took the shape of single cells which often con-
tained nuclear debris (Fig. 7a) or were stained
somewhat darker with a reticular mesh-like
intrastructure (Fig. 7b). Sometimes they ap-
peared enlarged and swollen; in these cells the
eosinoplulic mesh-like structure became more
obvious (Fig. 7c). These labeled cells were
clearly demarcated from adjacent unlabeled
cornificd cells. With hematoxylin and cosin
staining alone they could be distinguished from
other cornified cells which stained more homo-
geneously and presumably were further dif-
ferentiated. The labeling studies, however, sim-
plified recognition. The number of labeled cells
in the cornificd layer increased gradually with
time and by 24 hours after injection the lower
part of the cornificd layer was continuously
labeled (Fig. 6b).
niscussso
Synthesis of protein in cpidcrmal cells of
small animals has been studied by autoradio-
graphs after administration of bicarbonate-C'4
(15), mcthioninc-533 (16—20), cystinc-S33 (16,
19, 21). From these studies protein was con-
sidered to be synthesized in the deeper layers
of the epidermis, and to move to the surface
with the cell. Recently, it was reported that in-
tradermally injected glycinc-2-C'4 in the pig
resulted in labeling of all layers of the epidermis
except the cornified layer. However, these find-
ings were difficult to interpret because the
relative high beta energies from sulfur35 and
carbon14 do not allow precise localization of
reduced silver grains over the specific cell
layer or cell organdIes. We have had similar
difficulty localizing cystinc-533 in the epidermis
of man and animals. Its relationship to the
process of cpidermal kcratinization will be re-
ported separately. Use of tritiatcd amino acids
allows more definite demonstration of the sites
of synthesis and metabolism of cpidermal pro-
teins. It has been revealed for instance that a
number of granular cells have ceased synthesis
of protein during the later stages of cpidcrmal
cell differentiation (3). In man and newborn
rats, at least two foci of protein synthesis were
found. Both proteins synthesized in the lower
and upper layers of the epidermis moved into
the cornificd layer indicating that incorporated
amino acids-H3 contributed to kcratin forma-
tion. This nullifies Kaku's notion (22) that in-
corporated lcucine-H3 in the epidermis is not
involved in kcratin formation.
The method of tissue preparation employed
in this study is expected to exclude free amino
acids with small pcptides and the radioactivity
dctcctcd to represent the result of incorporation
of isotopically labeled amino acids in newly
formed protein as discussed thoroughly by
Lcblond et ol (18). Synthesis of labeled protein
was found in the basal, spinous, and granular
layers after injection of all 11 amino acids
studied, but the concentration of grains in the
different cpidcrmal layers varied with the
amino acids. At least 3 patterns of incorpora-
tion of amino acids were observed. Lcucine-H3,
lysinc-H3, methionine-H3, phenylalanine-H3, and
valine-H3 concentrated primarily in the basal
and spinous layers, while arginine-H3, histidinc-
H3, glycine-H3, and scrine-H3, tended to localize
in the granular layer. Proline-H3 and tyrosinc-
H3 labeled the three layers equally. Possible
explanations for the differences in initial localiza-
tion of injected amino acids-H3 have been dis-
cussed previously (3, 13). Variations in: 1)
pool size for each amino acid; 2) differential
transport of amino acids across cell membranes
and cell layers; or 3) composition of protein
molecules synthesized, must be considered. The
most likely explanation is that different proteins
are synthesized in the epidermis at different
times during the process of cell differentiation.
These results coincide with observations made
in the epidermis of man (3).
The role of kcratohyalin granules in the
kcratinization process has been debated exten-
sively (14, 23, 24). It is generally agreed now
that kcratohyalin granules contribute to the for-
mation of normal epidermal keratin (25, 26).
The possibility has been raised that the
granules arc actually a site of synthesis of pro-
tein forming keratin (2, 3). The resolution
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available by light microscopic autoradiography
repeatedly revealed direct association of grains
with keratohyalin granules after injection of
certain amino acids. Localization of injected
arginine-H', histidine-H', glycine-il', and serine-
H' in the granules appears certain; the signifi-
cance of this observation was further empha-
sized when proline-il' in the granular layer
tended to appear between the granules. Whether
or not injected tyrosine-il' incorporates into
keratohyalin granules remains uncertain, de-
spite the excellent resolution in the autoradio-
graphs made with tritium.
Radioactivity was seen in the cornified layer
at 5 hours after injection of arginine-il', histi-
dine-H', glycine-H', serine-H', and tyrosine-
H' as a result of cell movement from the granu-
lar layer. This movement seemed random and
involved individual cells. These labeled corni-
fled cells showed a specific and recognizable
morphology. They were considered to be the
first cells to cornify. Their morphological
changes seem to represent one step further in
the gradual process of differentiation after cells
have ceased protein synthesis and left the
granular layer. This cell may represent the T-
cell seen so readily by electron microscopy (25,
27,28).
SUMMARY
1. The differential patterns of incorporation
of 11 amino acids-H' in the epidermis of new-
born rats were studied by auotradiography in
relation to epidermal keratinization.
2. Synthesis of radioactively labeled protein
was found in the basal, spinous, and granular
layers after intraperitoneal injection of all
amino acids-H3, but grain counts indicated: 1)
leucine-H', lysine-il', methionine-H', phenyl-
alanine-il', and valine-H' concentrated primar-
ily in the basal and spinous layers; 2) arginine-
H', histidine-il', glycine-il', and serine-il' tend
to localize in the granular layer; and 3) pro-
line-H', and tyrosine-il' labeled all layers evenly.
3. Label appeared over keratohyalin granules
after injection of arginina-H', histidine-il',
glycine-il', and serine-H'. Injection of tyrosine-
H' resulted in labeling keratohyalin granules,
but not consistently and proline-H' incorpora-
tion was observed between the granules.
4. Radioactively labeled granular cells moved
into the cornified layer independently and ran-
domly from 5 hours after injection of arginine-
H', glycine-H', histidine-H', serine-H', and
tyrosine-il'. Gradual structural changes taking
place in cells above the granular layer were de-
scribed.
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